Superconducting (S ) thin film superlattices composed of Nb and a normal metal spacer (N ) have been extensively utilized in Josephson junctions given their favorable surface roughness compared to Nb thin films of comparable thickness. In this work, we characterize the London penetration depth and Ginzburg-Landau coherence length of S /N superlattices using polarized neutron reflectometry and electrical transport. Despite the normal metal spacer layer being significantly thinner than the coherence length, we find that the introduction of a thin N spacer between S layers leads to a dramatic increase in the London penetration depth and a decrease in the coherence length. Furthermore, the temperature dependence of the upper critical field suggests that the superlattices act as a layered 2D superconductor, despite the N thickness being more than a factor of two smaller than when such a 2D state is expected to occur. Using the measured values for the penetration depth and coherence length, we experimentally determine the Ginzburg-Landau parameter to quantify the superconducting disorder of the superlattice samples and compare to a single Nb thin film sample. * patrick.quarterman@nist.gov † N.D.Satchell@leeds.ac.uk arXiv:2001.09310v1 [cond-mat.supr-con]
I. INTRODUCTION
Superconducting materials have long been of interest since they were first discovered in 1911 by Kammerlingh Onnes [1] . The two fundamental properties most closely associated with superconductivity are zero electrical resistance and the expulsion of magnetic field, where the latter is known as the Meissner effect [2] . The two typical lengthscales describing superconductivity are the coherence length (ξ) and the penetration depth (λ), which we set out to measure directly in this work. The ratio of these two length scales, known as the Ginzburg-Landau parameter (κ = λ/ξ), governs whether the superconductor is type-I or type-II, where a type-I is defined as κ < 1/ √ 2 and type-II when κ > 1/ √ 2. In bulk single crystal, Nb is a borderline type-I/type-II superconductor with ξ ≈ λ ≈ 41 nm [3] . Upon reducing dimensionality and introducing the disorder associated with polycrystalline thin film growth, Nb becomes strongly type-II with a typical κ between 8 and 10.
Superconducting technologies based on Josephson junctions are a promising candidate for a low power computational alternative to traditional CMOS technologies [4, 5] . Of particular interest, here, are ferromagnetic Josephson junctions which form the memory bits in such a scheme [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . There have been numerous reports concerning the supercurrent passing through ferromagnetic Josephson junctions, including the discovery of spin triplet pair correlations in these systems [19] [20] [21] [22] [23] [24] [25] [26] . In order to improve the properties of the thin ferromagnetic layers in the Josephson junctions, it is important that the surface roughness of the Nb electrode be as small as possible [27] . It has long been known that introducing a thin Al layer between Nb films improves the surface roughness compared to Nb films of equivalent thickness; this is understood to be due to the Al forming amorphously and thus preventing columnar growth of Nb [28] [29] [30] . Given that the Al is sufficiently thin in these multilayers, the Al layer superconducts via proximity effect from the neighboring Nb layers.
It has previously been shown that by replacing Nb with a Nb/Al superlattice, the curious effect of non-linear scaling of critical currents with area can be resolved [31] . Recently, it was discovered that replacing Al with Au has the same effect on the surface roughness of the superlattice, as we report in this work.
The London penetration depth (λ L ) characterizes the depth of penetration of an externally applied field and is the length scale associated to the Meissner effect, hence it is often referred to as the magnetic screening length [3] . λ L is typically determined from measure-ments of flux expulsion by muon implantation [32] or surface microwave [33] techniques.
In superconducting thin film samples, when an in situ magnetic field is applied and the samples are cooled below the superconducting transition temperature, polarized neutron reflectometry (PNR) is sensitive to the absence of magnetic field due to the Meissner effect as a function of depth [34] [35] [36] . The availability of PNR makes this technique highly attractive for the study of thin films with buried interfaces. PNR directly probes the nuclear composition and magnetization, as a function of depth, in thin film systems. The non-spin flip reflectivities (R ↑↑ and R ↓↓ ) are sensitive to the nuclear composition and in-plane magnetization, aligned with the in situ magnetic field, as a function of depth through the sample. Han et al examined Nb/Al superlattices near and above the lower critical field by measuring the penetration depth (λ L ) and characterizing the formation of superconducting vortices using PNR [37] . After the early investigations of field expulsion in superconducting thin film systems, PNR characterization of superconductors became less common due to the unavailability of sufficiently smooth interfaces in thin film materials with novel properties. Early attempts to study thin films of YBCO, for example, had limited success due to the large surface roughness [35] . Recently, improvements in thin film growth combined with experimental observations and theoretical predictions of proximity effects in superconductor-ferromagnet (S /F ) based heterostructures have renewed interest for characterizing the field expulsion profile in detail [38] [39] [40] [41] [42] [43] [44] . The PNR measurements and analysis performed here are expandable to a wide range of conventional and unconventional superconducting systems, and layered heterostructures containing both superconducting and non-superconducting layers.
However, we wish to note that these measurements remain challenging due to the magnetic scattering length density due to expelled field of a superconductor being as much as two orders of magnitude lower than that of strong ferromagnets, such as Fe.
The Ginzburg-Landau coherence length (ξ GL ) characterizes the distance over which superconductivity can vary without undue energy increase [45] . Experimentally, one can estimate ξ GL from temperature-dependent electrical transport measurements of the upper critical field H c2 . In conventional bulk superconductors, H c2 is isotropic. In thin film and layered superconductors, the upper critical field for field orientations parallel (H c2 ) and perpendicular (H c2⊥ ) to the sample plane is anisotropic, and their values can differ significantly.
To determine an accurate estimate for ξ GL , H c2 data must be analyzed in the appropriate geometric limit [45] .
In this work, we directly determine the effects of introducing a thin (with respect to ξ GL ) non-superconducting layer (N, which is Al or Au) in Nb-dominant superlattices. Quantitative understanding of λ L and ξ GL are important for modelling and interpreting the behavior of superconducting devices such as Josephson junctions and Superconducting QUantum Interference Devices (SQUIDs), in which the use of superlattices to reduce surface roughness may be advantageous. We find distinctly different superconducting properties of S /N superlattice samples compared to a single Nb thin film using PNR and electrical transport measurements. We observe large, consistent modification of λ L and ξ GL , which allow us to directly probe and quantify the increased superconducting disorder associated with the introduction of a thin normal metal intermediary layer.
We also report that while our Nb film is best described as a 3D superconductor, the superlattices are best described by the 2D limit of layered superconductors. Such 2D states have been observed in a number of different S /N superlattices, but as far as we know not in the composition of the two superlattices studied here [46] . When a superlattice is made by layering a superconductor with normal metals [47, 48] , semiconductors [49, 50] , or ferromagnets [51] , measurements of H c2 (T) have long been known to show a transition from 3D to 2D superconductor behaviour when the temperature is reduced [46] . This crossover is understood to occur due to reduction of the perpendicular coherence length (ξ ⊥ ) to values shorter than the non-superconductor layer thickness, which results in a decoupling of the layers in the superlattice. Finally, given our N layer is more than a factor of two smaller than ξ GL at 0 K, our finding of a 2D ξ GL (H c2 (T)) is quite surprising.
II. EXPERIMENTAL METHODS
Thin films are deposited by sputtering with base pressure of 2 × 10 −8 Torr and partial water pressure of 3 × 10 −9 Torr, after liquid nitrogen cooling. We grow the films on Si substrates, which have a native oxide layer. Growth is performed at an approximate Ar (6N purity) pressure of 2 mTorr and temperature of - Au. Hereafter, the superlattice samples are referred to as Nb/Al or Nb/Au. The thicknesses of the S and N layers are guided by previous work [31] , and the number of repeats chosen so the films were thick enough to give appreciable magnetic field screening to observe with PNR. In addition, a 200 nm film of Nb was grown for comparison to the superlattices in our current investigation and comparable Nb films described in previous studies [34, 35] .
We collect PNR using the Polarized Beam Reflectometer and Multi-Angle Grazing-Incidence K-vector reflectometer at the NIST Center for Neutron Research (NCNR). The incident neutron spins are polarized parallel or antiparallel to the applied in-plane magnetic field (H ) with supermirrors, and reflectivity is measured in the non-spin-flip cross sections (R ↑↑ and R ↓↓ ) as a function of the momentum transfer (Q) normal to the film surface. The PNR data are reduced and modeled using the REDUCTUS and REFL1D software packages [52, 53] . Data are gathered at temperatures as low as 3 K, using a closed cycle refrigerator, and with a in situ magnetic field of 42 mT applied in the sample plane. To avoid concerns of flux trapping, we do not change field when below the transition temperature of Nb ( 9 K). When changing field states, the temperature is increased to approximately 12 K. For reproducibility of the magnetic field condition, a saturating field of 700 mT is then applied, followed by lowering to the desired measurement field, and finally the sample is cooled to the base temperature of 3 K. XRR and rocking curves are used to confirm the structural model determined from PNR. (An in-depth discussion of the XRR results can be found in the supplemental materials [54] ).
Electrical transport measurements are performed using a conventional four-point-probe measurement configuration with lock-in amplifier and 100 µA current source. We collect transport data in a 4 He cryostat with variable temperature insert (1.3 -300 K) and 8 T superconducting solenoid. Our resistance measurements are performed at a fixed temperature by continuously ramping the magnetic field. Resistance as a function of the in-and out-of-plane field, at various temperatures, determines the upper critical field (H c2 ). The
Ginzburg-Landau coherence length is extracted by fitting to measurements of H c2 as a function of temperature [45] . 
III. RESULTS
The non-spin flip PNR and the spin asymmetry [SA = (R ↑↑ − R ↓↓ )/(R ↑↑ + R ↓↓ )] for the Nb, Nb/Al and Nb/Au samples, measured at 42 mT, are shown in Fig. 1 , alongside theoretical fits. The PNR Bragg peak spacing (∆Q = 2π/t) shows that the superlattice structures are close to the nominal layer thicknesses, and the spin asymmetry serves to highlight the differences in scattering intensity between R ↑↑ and R ↓↓ induced by Meissner screening. For data taken at 12 K for the Nb/Al sample, we observe no observable spin asymmetry, as expected (supplemental Fig. 3 [54] ). Specular and off-specular background XRR are collected in order to further validate the neutron reflectometry results as shown in supplementary Fig. 1 [54] . We also collect x-ray rocking curves to provide additional qualitative information about sample roughness, and the data can be seen in supplementary The scattering length density (SLD) profiles that yield the best theoretical fits for the data in Fig. 1 are shown in Fig. 2 . When fitting the superlattice structure, each elemental layer is constrained to the same nuclear SLD and thickness. The nuclear scattering length densities are in strong agreement with the bulk values for each layer. We model the magnetic field expulsion as a function of depth (where z is distance from edge of the superconductor) in the superlattice using the London equation for a type-II superconductor [45] ,
where d s and z are the thickness of the superconductor and distance from the surface, respectively. In this model, the external field (B 0 ) is fixed to the value measured with a
Hall probe, while λ L is a fitting parameter. Our fits for the 200 nm single layer of Nb yield λ L = 96.2 ± 9.2 nm (uncertainties on fit parameters correspond to 2 σ), which is in good agreement with prior experimental reports [34, 35, 55] . We find λ L = 145 ± 25 nm and 190 ± 26 nm for the Nb/Al and Nb/Au superlattices, respectively. Our measurement of 
T e m p e r a t u r e ( K ) thickness being significantly thinner [37] . The increase in λ L for the superlattice samples is evident from a qualitative inspection of the spin asymmetry data, as the low Q amplitude is significantly larger in Nb than the superlattices; additionally the oscillations in the spin asymmetry are noticeably less clear at higher Q, compared to those for pure Nb.
To determine the effect of the thin Al and Au layers on the coherence length, we measure H c2 as a function of temperature for the magnetic field applied both in-and out-of-plane, as shown in Fig. 3 . An example resistance as a function of field data set can be found in supplementary Fig. 4 [54] , which is then used to determine the H c2 values for Fig. 3 . We find that when the magnetic field is applied out-of-plane, the temperature dependence of all samples can be described by,
When the magnetic field is applied in-plane, however, the superlattices and Nb film show very different temperature dependence. The Nb is still best described at all temperatures by Eq. 2, which suggests the Nb film has the expected conventional 3D superconducting behavior. We also report the ratio H c2 (0 K)/H c2⊥ (0 K) = 1.42. The superlattices, however,
show near linear behaviour for in-plane fields close to T critical , but not at lower temperatures, causing Eq. 2 to provide unsatisfactory fits. These data are best described overall by the 2D limit of the Ginzburg-Landau model,
shown in Fig. 3 . This combined with the larger ratios H c2 (0 K)/H c2⊥ (0 K) = 1.52 and 1.83 for Nb/Al and Nb/Au, respectively, suggests the superlattices are 2D superconductors [47, 56] .
By extracting H c2 from these measurements, the zero temperature ξ GL can be estimated in the 3D limit from,
and in the limit of 2D layered superconductors from [47, 56] ,
where Φ 0 is the flux quantum. ξ GL (0 K) for Nb (3D) is estimated as 11.9 ± 0.2 nm, for Nb/Al (2D) as 6.9 ± 0.5 nm, and for Nb/Au (2D) as 5.9 ± 0.5 nm.
To quantify the disordering of the superconducting properties when Al and Au interlayers are added, we calculate the Ginzburg-Landau parameter (κ = λ L /ξ GL ). κ is found to be 8.1
± 0.8, 21 ± 4, and 32 ± 6 for the Nb, Nb/Al, and Nb/Au samples, respectively. Finally, we summarize our experimental findings for λ, ξ, H c2 , and κ in Table I . Nb/Au samples. ξ GL is determined for Nb from the 3D limit, and for the superlattices from the layered 2D superconductor limit of the Ginzburg-Landau formulation.
IV. DISCUSSION
From the combination of PNR, XRR, and electrical transport, we develop a consistent Prior studies demonstrated that the thin intermediary layers (Al and Au in this work) disrupt the columnar growth of Nb, resulting in reduced surface roughness in Nb/N superlattices [28, 30] . This conclusion is further supported by XRR measurements of the off-specular background for the superlattices and film. While the off-specular scattering for the Nb film is mostly featureless (supplemental Fig. 1c [54] ), the scattering for the superlattices has finite-size oscillations (with constant spacing in Q) and diffraction peaks that mirror the features present in the specular reflectivity (supplemental Fig. 1 [54] ). The presence of these off-specular oscillations suggests that the in-plane interface roughness originates in the layers near the substrate and is replicated from one layer to the next (i.e., conformal) [57] [58] [59] . The superlattice interfaces are presumably well-defined on a local scale, and the resulting smooth surface contrasts with that of the Nb film.
To maintain the best possible superconducting properties for the superlattice, it is important that the structural characteristics of the superlattice ensure that N layers are well proximitized by the superconductor. The proximity effect in Nb/Al has been studied extensively [37, 60, 61] . In Nb/Al bilayers, the Al will superconduct via the proximity effect and form a fully opened superconducting gap for thin Al layers and transparent interfaces such as those discussed by Golubov et al [60] . We estimate the normal metal coherence length for Al at 3 K, associated with the proximity effect, in the diffusive limit to be ξ N = 65 nm [62, 63] . Nb/Au is less well studied, however measurements suggest that Au can support superconducting correlations over several tens of nanometers [39] , which is consistent with the estimated ξ N = 85 nm in the diffusive limit at 3 K [62, 63] .
Despite the expected strong proximity effect in the Al and Au layers, the temperature dependence of H c2 for the superlattices is best described by the 2D limit, except near T critical where ξ S diverges. This suggests decoupling of the individual Nb layers by the Al or Au spacers. The decoupling of the Nb layers is consistent with the reduced T critical of the superlattices. Similar behaviour in H c2 (T ) has been widely studied in layered S /N superlattices in the context of 3D to 2D superconductivity crossover [46] , which is predicted to occur when the N layer thickness is on order of ξ ⊥ [56] . In Nb/Cu multilayers, the crossover is reported for a Cu thickness of 33.3 nm, consistent with the prediction [47] . What is unusual in our case is that the N layers under study (2.4 nm) are much thinner than theory would predict for the 3D/2D crossover to occur. Another feasible explanation is that the S/N interface transparency (γ B in Golubov et al [60] ) is poor enough that there is a significant reflection probability at the interface, and so this lack of transparency decouples the S layers. However, Houwman et al. measured the role of the interface in Nb/Al on proximity superconductivity, and determined that the potential barrier at the Nb/Al interface is negligible (γ B < 0.05) [64] . Thus, it is surprising that the H c2 (T) of our superlattices is best described by the 2D limit for layered superconductors, since 2D decoupling in multilayers or interface transparency of proximity superconductivity are not sufficient to account for this behavior.
Experimental measurements of the penetration depth (λ experimental L ) using PNR are known to be larger than the intrinsic London penetration depth (λ intrinsic L ), due to impurity defects.
A relationship between the intrinsic London penetration depth and that measured by experiment has been derived by Pippard [65] and demonstrated by Zhang et al [35] , as
where l is the electron's mean free path ( in Nb thin films on order of 43 nm, however, these publications rely on utilizing the clean limit of ξ GL for Nb (as reported by Weber et al [66] and taken to be 41 nm by Zhang et al [35] ), whereas we utilize our measured value of ξ GL .
Finally, our measured penetration depth for Nb/Al is in agreement with prior reports by Han et al [37] using PNR and Madden et al [15] , who could simulate the inductance of their SQUIDs only if they used a longer λ L (185 nm) for Nb/Al (with 3 multilayer repeats) than was expected from pure Nb.
V. CONCLUSIONS
In summary, we have studied the effect of adding a thin normal-metal layer between Nb layers by directly measuring the London penetration depth and Ginzburg-Landau coherence length. We report an experimentally determined Ginzburg-Landau parameter for Nb, κ = λ L /ξ GL = 8.1 ± 0.8, and for the superlattices Nb/Al, κ = 21 ± 4 and Nb/Au, κ = 32 ± 6.
These differences in κ are driven by the superlattices having a significantly longer penetration depth and shorter coherence length compared to Nb films of similar thickness. The changes suggest that the addition of a thin N layer between the S layers increases the disorder in the superconducting system despite the expectation that the N layer would be fully proximitized given that the coherence length is large with respect to the N layer thickness. Furthermore, we find that the superlattices act as a layered 2D superconductor, unlike the Nb sample that has 3D behavior. It is important that these properties be taken into account in the design and interpretation of superconducting devices, where using the superlattices may be advantageous to achieve lower surface roughness.
The data associated with this paper are openly available from the NCNR and University of Leeds data repositories [67] .
Supplementary Material for "Distortions to the penetration depth and coherence length of superconductor/normal-metal superlattices" by P. Quarterman et al.
X-ray reflectivity is collected on the samples uing a Cu-Kα source (supplementary Fig.   1a ), and the resulting fits to the data yield scattering length density profiles, shown in supplementary Fig. 1b , in strong agreement with the polarized neutron reflectometry results.
Off-specular scattering is collected to use for background subtraction by offsetting θ and scanning θ − 2θ in order to sample the Q z dependence of the in-plane disorder (Fig. 1c ).
For the off-specular background scattering in the Nb sample, we observe no Q-dependent oscillations, as expected. However, in the superlattices the background scans show strong periodic oscillations. These off-specular oscillations have been shown to be indicative of conformal roughness [1, 2] .
Rocking curves are shown for the Nb, Nb/Al, and Nb/Au samples in Fig. 2 . The Nb rocking curve at 2θ = 1.2 • shows pronounced peaks (Yoneda wings) near θ ≈ θ C and 2θθ C , where θ C is the critical angle. These Yoneda peaks are suggestive of significant surface roughness [3] . In contrast, the only pronounced peaks observed in the Nb/Al and Nb/Au rocking curves are the specular reflections, which are on top of broad diffuse scattering for the latter sample. In the Nb/Au rocking curve at 2θ = 1.3 • , there are peak-like artifacts symmetric about the specular reflection. In the rocking curve measured at 2θ = 2.2 • , however, these features do not shift outward in a manner consistent with Yoneda scattering.
In qualitative comparison to those of the Nb film, the surfaces of the Nb/N superlattices appear to be relatively smooth on a local scale.
The spin asymmetry for the Nb/Al superlattice taken at 12 K is shown in supplemental Fig. 4 . H c2 is determined by taking the peak of the first derivative of the resistance with respect to field, and averaging the result obtained at the positive and negative field regime.
In the main text, we estimate the normal state coherence length (ξ N ) in the diffusive (dirty) limit for Al and Au following Buzdin [4] ,
where D is the diffusion coefficient, D = 1 3 v F l, and v F and l are the Fermi velocity and mean free path respectively. Values for v F and l are taken from Gall [5] , with the limitation that l is calculated by Gall at room temperature. 
